The oxidation of biogenic dimethyl sulfide (DMS) emissions is a global source of cloud condensation nuclei. The amounts of the nucleating H 2 SO 4 (g) species produced in such process, however, remain uncertain. Hydrophobic DMS is mostly oxidized in the gas phase into H 2 SO 4 (g) + DMSO(g) (dimethyl sulfoxide), whereas water-soluble DMSO is oxidized into H 2 SO 4 (g) in the gas phase and into SO 4
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ABSTRACT: The oxidation of biogenic dimethyl sulfide (DMS) emissions is a global source of cloud condensation nuclei. The amounts of the nucleating H 2 SO 4 (g) species produced in such process, however, remain uncertain. Hydrophobic DMS is mostly oxidized in the gas phase into H 2 SO 4 (g) + DMSO(g) (dimethyl sulfoxide), whereas water-soluble DMSO is oxidized into H 2 SO 4 (g) in the gas phase and into SO 4 2− + MeSO 3 − (methanesulfonate) on water surfaces. R = MeSO 3 − /(non-sea-salt SO 4 2− ) ratios would therefore gauge both the strength of DMS sources and the extent of DMSO heterogeneous oxidation if R het = MeSO 3 − /SO 4 2− for DMSO(aq) + ·OH(g) were known. Here, we report that R het = 2.7, a value obtained from online electrospray mass spectra of DMSO(aq) + ·OH(g) reaction products that quantifies the MeSO 3 − produced in DMSO heterogeneous oxidation on aqueous aerosols for the first time. On this basis, the inverse R dependence on particle radius in size-segregated aerosol collected over Syowa station and Southern oceans is shown to be consistent with the competition between DMSO gas-phase oxidation and its mass accommodation followed by oxidation on aqueous droplets. Geographical R variations are thus associated with variable contributions of the heterogeneous pathway to DMSO atmospheric oxidation, which increase with the specific surface area of local aerosols.
■ INTRODUCTION
Aerosol particles affect climate both directly by scattering and absorbing solar radiation and indirectly as cloud condensation nuclei (CCN). CCN are generated from the gas-to-particle conversion of condensable species produced in the atmospheric processing of natural and anthropogenic gas emissions. A key condensable species, gaseous sulfuric acid, H 2 SO 4 (g), is produced in the oxidation of S-containing gases 1,2 such as the biogenic dimethyl sulfide ((Me) 2 S, DMS) emitted (up to 45 S Tg year −1 ) 3−5 by the ocean. The debate about whether enhanced CCN generation due to the stronger DMS emissions expected at higher temperatures would create a negative feedback to global warming (the CLAW conjecture) 6 has underscored the fact that the strength of natural DMS emissions, their geographical and seasonal distributions, and, particularly, the chemistry involved in their atmospheric processing remain uncertain. 4, 5 Variations in the chemistry invoked by model estimates led to significant differences in predicted aerosol distributions and regional loads. 7, 8 The outstanding issue at present is how to quantify biogenic contributions to particle nucleation and growth from the composition of the aerosol. 9 −12 Lacking such information, models currently subsume the contribution of biogenic DMS to CCN into parameter optimization. 8,10,13−20 The conversion of DMS into H 2 SO 4 (g) begins with its gasphase oxidation to SO 2 en route to H 2 SO 4 (g) plus dimethyl sulfoxide ((Me) 2 SO, DMSO). 2,21−23 
The exceedingly large difference between Henry's law constants for DMS and DMSO dissolution in water: H DMS,WATER = 0.45 M atm −1 versus H DMSO,WATER ≈ 10 7 M atm −1 , 22, 24, 25 indicates that the oxidation of DMS will take place entirely in the gas phase, but hydrophilic and surface-active DMSO could be oxidized both in the gas phase and on the surface of aqueous atmospheric media, such as cloud, fog, and aerosol droplets. 24 Significantly, the most recent laboratory studies indicate that the oxidation of DMSO by ·OH-radicals in the gas phase exclusively yields H 2 SO 4 (g) via the SO 2 (g) produced in reaction R4: 26
Therefore, the presence of methanesulfonate (MeSO 3 − ) in the aerosol must be ascribed to the heterogeneous oxidation of DMSO(aq) by a yet-unidentified mechanism. In fact, the relevant process, i.e., the oxidation of DMSO(aq) by ·OH(g) at the air−water interface (reaction R5) has never been investigated before. 27 
=
In the field, numerous campaigns have reported that the R = MeSO 3 − /nss-SO 4 2− (nss = non-sea-salt) ratio generally increases at higher latitudes. This trend is more clearly apparent in the cleaner Southern hemisphere atmosphere, where anthropogenic contributions to aerosol nss-SO 4 2− are significantly smaller than in its Northern counterpart. 28, 29 Such latitudinal R variations have been generally attributed to the temperature dependence of the branching ratio of ·OH addition versus H abstraction DMS oxidation channels ( reactions R1 and R2), which ultimately lead to DMSO(g) and H 2 SO 4 (g), respectively. However, it should be realized that if that were the case, nss-SO 4 2− production should be temperature-independent because, as it is now known, 26 the gas-phase oxidation of DMSO(g) yields H 2 SO 4 (g) exclusively, and therefore, all DMS would be always oxidized to H 2 SO 4 (g) at any temperature. In fact, the most recent interhemispheric measurements have failed to reveal a meaningful correlation of R with air temperature. 30 The same study correctly pointed out that the -5 to 0°C temperature variations measured in the field could only have modest effects on reaction rates and, therefore, could not account for R values spanning a 0.02 to 0.9 range. 30 Temperature variations can neither account for the fact that R is 3 to 10 times higher in coastal Antarctica than over the much colder Antarctic plateau. 30 It is apparent that the uncertain chemical fate of DMS prevents a realistic representation of biogenic contributions to aerosol generation in atmospheric models. 22,31−33 In fact, the consensus is that "there is still significant uncertainty about the end products of the DMS addition pathway". 20 Previous campaign studies have acknowledged that molar R = MeSO 3 − /nss-SO 4 2− ratios "could be only partially explained by known DMS oxidation mechanisms", 34 and that "the presence of CH 3 SO 3 − in sea salt particles indicates substantial formation and fast uptake of CH 3 SO 3 H by activated droplets containing sea salt, presumably resulting from the oxygen addition channel in the DMS oxidation mechanism". 35 Note that the latter assertion implicitly assumes that MeSO 3 H is exclusively produced in the gas phase, at variance with updated chemistry, as noted above. 26 Not surprisingly, it has long been conjectured that heterogeneous chemistry should play an important role in DMSO oxidation. 22 Note that, given that DMSO reactions with O 3 and H 2 O 2 in bulk water are much slower than those with ·OH 22,26,29,36−38 DMSO in aqueous media is mostly oxidized by ·OH radicals. Furthermore, because DMSO is strongly enriched at the surface of water, 39−44 its heterogeneous oxidation should be dominated by reactions with gas-phase ·OH(g) radicals. 40, 43 We have previously shown that many chemical reactions at the air−water interface proceed faster and sometimes along different mechanisms than the corresponding processes in bulk water. 45−49 Herein, we address these issues by performing experiments specifically designed to determine the R het = MeSO 3 − /SO 4 2− ratio in the oxidation of DMSO(aq) by ·OH(g) at the air−water interface. The results thus obtained are then applied to interpret extensive data on the composition of size-segregated aerosol collected over the Japanese Syowa station in Antarctica and over Southern oceans in ship cruises covering trajectories joining Cape Town (South Africa) with Freemantle (Western Australia).
■ MATERIALS AND METHODS
Laboratory Experiments. The experimental setup has been thoroughly described in previous publications, which should be perused for further details as needed. 51, 52 We summarize the specific features relevant to the experiments reported herein. In our experiments, we record online electrospray (ES) mass spectra of aqueous DMSO microjets exposed to trains of ·OH(g) pulses generated in situ via 266 nm laser flash photolysis of (O 3 + H 2 O + O 2 ) gas mixtures. Microjets are generated by pumping (100 μL min −1 ) aqueous DMSO solutions into the spraying chamber of the mass spectrometer (Agilent 6130 Quadrupole LC/MS Electrospray System at Kyoto University) through a grounded stainless steel needle (100 μm bore) coaxial with a sheath issuing high speed (∼160 m/s) nebulizer N 2 gas. 53 A schematic diagram of the experimental setup is shown in Figure  S1 . Ions detected by ES mass spectrometry correspond to ions already present in the injected solution or those formed from the protonation or deprotonation of neutral reactants and products. We checked that the detected products ensue from the photolysis of O 3 (g), as shown in Figure S2 (see below), rather than from laser photolysis of dissolved DMSO. The surface specificity of the ES mass spectra acquired in these experiments has been validated as described in previous publications. 46,47,49,53−58 In our experiments, exposures E (E = ·OH concentration × time) to 0.2−50 ppmv =5 × 10 12 ∼ 1 × 10 15 ·OH molecules cm −3 (at 1 atm, 298 K) for 10 μs: E = 2.5 × 10 7 −1.2 × 10 10 molecules cm −3 s are significantly smaller than those prevalent in typical flow reactor studies, E ≥ 2 × 10 10 molecules cm −3 s. 59 −61 Note that because MeSO 3 − and SO 4 2− products are demonstrably inert to ·OH (see Figure S3 and S4), excess ·OH would not affect their relative yields (see below). We wish to point out that [·OH] at the surface of microjets are likely lower than the [OH(g)] 0 estimated at the laser photolysis spot due to partial losses via gasphase ·OH recombination into nonreactive H 2 O 2 . Hence, we consider that [·OH(g)] 0 values are upper limits to [·OH] on the surface of microjets. ·OH(g) losses via reaction with O 3 (g) (k O 3 +·OH = 7.3 × 10 −14 cm 3 molecule −1 s −1 ) 62 have half-lives τ 1/2 > 500 μs that are much longer than the ≤3 μs transit times ·OH(g) takes to travel the ≤1 mm distance separating the laser focal point from the microjet surface. Because the thermal accommodation coefficient of ·OH on water approaches unity: S ∼ 0.95, 63 · OH(g) initially sticks to the surface of microjets 60 
The reported affinity of ·OH radicals for aqueous interfacial layers 63, 65 and its diffusionally controlled rate constants in water, k DMSO+·OH = 4.5 × 10 9 M −1 s −1 and k ·OH+·OH = 5.5 × 10 9 M −1 s −1 , 38, 66 ensure that R5 and R6 proceed at the air−water rather in bulk solution.
Field Measurements. Details of the observatory, aerosol inlet, and tubing for aerosol ground measurements at Syowa Station, Antarctica have been previously described by Osada et al. 67 Aerosol samples were collected using a two-stage midvolume impactor (MVI) and back-up filter for bulk analysis following the same procedure as described by Hara et al. 68 Cutoff diameters are 2.0 and 0.2 μm. To avoid the intake of locally contaminated air, we operated MVI samplings when the wind blew from the clean-air sector. Considering that aerosol sampling was carried out inside the room, aerosol particles were actually collected on the filter at room temperature, ca. 20°C. After sampling was completed, each filter was placed immediately into polypropylene 15 mL centrifuge vials fitted with airtight caps to prevent contamination during sample storage. Sample vials were packed in polyethylene bags and were kept at about −20°C in a freezer until chemical analysis in Japan. For a qualitative check of the samples, procedural blank samples were taken from each sampler periodically (twice a month).
On board of the Umitaka-maru vessel, the aerosol sampler (three-stage midvolume impactor and back-up filter) was placed inside a weather shield located on the uppermost deck of the ship. Cut-off aerosol diameters were 6.0, 2.0, and 0.2 μm. To avoid contamination from ship exhaust, we controlled aerosol samplings by a wind-selector, which activated sampling only when the wind direction faced forward and wind speeds exceeded 2 m sec −1 .
Sample analyses were performed after extracting the watersoluble constituents of aerosol particles with ultrapure water (14 mL per sample, 18.3 MΩ, Milli-Q water). Concentrations of the water-soluble constituents were determined with an ionchromatography (Dionex, DX-120) using a 500 mL injection loop for each flow system, equipped with an AS11A analytical column and an AG11 guard column for anion separation (eluent flowing at 2 mL min −1 : Milli-Q water, 5 mM and 100 mM NaOH with gradient elution), and a CS12 analytical column and CG12 guard column for cation separation (eluent flowing at 1 mL min −1 : 20 mM MSA). The amounts of sea-salt (ss) SO 4 2− contained in the aerosol were calculated from measured Na + concentrations by assuming the ss-SO 4 2− /Na + = 0.0602 molar ratio in bulk seawater for the aerosol collected throughout, except at Syowa station during winter months, in which case the ss-SO 4 2− /Na + = 0.02 value applied. 69 ■ RESULTS AND DISCUSSION Product Distribution in the DMSO(aq) + ·OH(g) Reaction. Figure 1 shows a typical positive-ion ES mass spectrum of aqueous 1 mM DMSO microjets (previously acidified with HCl to pH 1.1) exposed to O 2 (g)/H 2 O(g)/N 2 (g) or O 3 (g)/O 2 (g)/H 2 O(g)/N 2 (g) mixtures, both in the dark and under 266 nm laser pulses. In Figure 1A , the m/z + = 79 and m/z + = 95 signals are readily assigned to DMSOH + and to the protonated ion DMSO 2 H + of the dimethyl sulfone produced under O 3 (g) in the dark, respectively. The fact that ∼10% DMSO(aq) is oxidized into DMSO 2 by 160 ppmv O 3 (g) within <50 μs is in itself a remarkable observation. The reason is that if the reaction had taken place in bulk water, with
is Henry's law constant for O 3 in water at 298 K, 21 P(O 3 (g)) = 160 ppmv =1.6 × 10 −4 atm), negligible amounts of DMSO would have been consumed in <50 μs contact times. Thus, the interfacial ozonation of DMSO is orders of magnitude faster than in bulk water. We have previously observed similar rate 49 It is apparent that interfacial water is a unique reaction medium, 45, 49, 74, 75 quite different from bulk gas or liquid phases. 59, 77, 78 Upon laser irradiation of the [O 3 (g) + H 2 O(g)] mixtures, DMSOH + decreases further, while DMSO 2 H + remains unchanged ( Figure 1B) . We experimentally confirmed that DMSO(aq) is not photolyzed at 266 nm and, in the absence of O 3 (g), m/z + = 79 signals are unaffected by 266 nm pulses under the present experimental conditions ( Figure S2) .
On the basis of these observations, we infer that (1) O 3 (g) oxidizes DMSO(aq) into DMSO 2 via direct O-atom transfer, whereas (2) the ·OH(g) produced in the photolysis of [O 3 (g) + H 2 O(g)] mixtures reacts with DMSO(aq) to produce different species. 66 The absence of positive ions other than m/z + = 79 and m/z + = 95 under [O 3 (g) + H 2 O(g) + 266 nm radiation] indicates that the new species are strong acids, which would appear as anions, or neutrals that could not be protonated. This observation excludes, for example, H-atom abstraction by ·OH from DMSO methyl groups, reaction R 7′ in Scheme 1, because it would have led to CH 3 SO(H + )CH 2 O 2 · (m/z + = 110) signals (not detected) under excess O 2 or the alcohols and aldehydes that would ensue for CH 3 SOCH 2 O 2 · self-reactions. 21, 51, 52 The fact that DMSO 2 is not produced in the oxidation of DMSO by ·OH implies that the DMS(·)O−OH adduct formed in reaction R 7 rapidly splits ·CH 3 (reaction R 8 ) rather than react with O 2 (reaction R 8′ ) under present conditions ([O 2 (g)] = 2.1 × 10 18 molecules cm −3 ). 21, 26, 79, 80 The reported negative activation energy for the DMSO + ·OH reaction in both gas and liquid phase 29, 81 supports the formation of a DMS(·)O−OH adduct in R 7 via the addition of ·OH to the S-atom of pyramidal DMSO. 39,82−84 The lack of DMSO 2 formation from the DMSO(aq) + ·OH(g) reaction in our experiments is in line with related experiments in bulk water 66 but in contrast with the 20−30% yields of DMSO 2 reported in the gas phase. 79 It appears that water catalyzes the decomposition of chemically activated DMS(·)O−OH* formed in R 7 . 85 Note that because DMSO 2 does not react with ·OH, in accordance with literature reports, if it had been produced (in reaction R 8′ ) it should have been detected. 29 Figure 2 shows a negative-ion ES mass spectrum of aqueous 1 mM DMSO microjets at pH ∼ 7 exposed to O 2 (g)/H 2 O(g)/ N 2 (g) or O 3 (g)/O 2 (g)/H 2 O(g)/N 2 (g) mixtures both in the dark and under 266 nm laser pulses, which is more informative about the products ensuing reaction R 7 Figure S5) . The absence of a detectable m/z − = 81 signal corresponding to HSO 3 − implies either that reaction R 10′ is slower than reaction R 10 or that HSO 3 − is rapidly oxidized by O 3 into HSO 4 − , as in reaction R 11 (see Scheme 1). 86 We verified that relative m/z − = 79, 80, 95, and 97 signal intensities do not change appreciably or show any significant trend with DMSO concentration over the 0.05−1.0 mM range ( Figure S6) . Figure 3 shows negative-ion ES mass spectral signals obtained from aqueous DMSO microjets exposed to gaseous O 3 − is also inert toward ·OH(g) ( Figure S3 ). In marked contrast, MeSO 2 − reacts with both species, reactions R 9 (+ R 10 ) and R 9′ , producing mainly MeSO 3 − plus some HSO 4 − (Figures 3 and S7) .
The ratio of raw mass spectral signal intensities R SIG = I 95 /I 97 = 8.7 ± 0.5 in Figure 2B Figure  S8) . pH values correspond to the pH of the injected solutions in all cases, which were determined by means of a calibrated pH meter prior to injection. Figure S8 shows that I 95 /I 97 is an increasing sigmoidal function of pH, as expected from the fact that the concentration of the relatively weak acid HSO 4 − that gives rise to the m/z = 97 signal decreases at higher pH as it becomes converted into SO 4 2− (SO 4 2− is a doubly charged ion that would not appear in the mass spectra). Under the conditions of the oxidation experiments of Figure 2B (that is, at pH 7), we get I 95 /I 97 = 3.2 from Figure S8 . In other words, an equimolar solution of MeSO 3 − and sulfate at pH 7 gives rise to m/z = 95 signals that are 3.2 times larger than those of HSO 4 − at m/z = 97. Therefore, the R SIG = I 95 /I 97 = 8.7 ratio determined in our oxidation experiments was divided by 3.2 to account for the fact that only a fraction of total sulfate is present as HSO 4 − at pH 7. On this basis we derived a R het ∼ 2.7 value, i.e., the oxidation of DMSO(aq) by ·OH(g) at the air−water interface actually produces 2.7 times more MeSO 3 − than sulfate. The fact that MeSO 3 − is the product of four successive reactions (R 7 to R 10 ) in which ·OH participates twice (reactions R 7 and R 9 ) within 50 μs, implies that MeSO 2 − is far more reactive than DMSO toward ·OH. This finding furthermore implies that · OH radicals remain a finite time in the topmost interfacial layers before diffusing into the bulk liquid. Previous studies had indeed suggested that ·OH prefers the air−water interface over bulk water. 51,52,63,87−89 The finding that MeSO 3 − is the major product of the oxidation process initiated by the reaction of DMSO(aq) with ·OH(g) (R 5 ) at the air−water interface is in line with previously reported experiments in which DMSO(aq) was oxidized by ·OH(aq) generated from the photolysis of H 2 O 2 (aq) or NO 3 − (aq) in bulk water. 29, 66 The similar behaviors in both media suggest that ·OH(g) becomes aquated as ·OH(aq) upon hitting the surface and then adds to a solvated DMSO S-atom. This scenario is supported by a surface-specific spectroscopic study showing that the hydrophobic DMSO methyl groups point to the air, as expected, whereas the target S-atom dips into water, where it is fully solvated. 40 The nearly quantitative production of SO 4 2− in the oxidation of DMSO in the gas phase versus the R het ∼ 2.7 value determined at the air−water interface means that R = MeSO 3 − /nss-SO 4 2− variations in the aerosol, particularly in pristine, remote locations where anthropogenic contributions to nss-SO 4 2− are minimal, should arise from the competition between the gas phase versus the heterogeneous DMSO oxidation pathways. Below, this clearcut chemical criterion is applied to interpret new results on the MeSO 3 − and nss-SO 4 2− composition of size-segregated aerosol collected in the boundary marine layer over wide latitudinal spans in the Southern oceans. To our knowledge, this is the first time a full, quantitative understanding of the chemistry involved in these transformations is applied to analyze R = MeSO 3 − /nss-SO 4 2− field measurements. Composition of Size-Segregated Aerosols. Figure 4 shows data for aerosol collected over Syowa in austral summers, defined herein as the periods between November 1 and February 28 and in austral winters, which cover the rest of the years. Measurements extended from February 19, 2004 to December 6, 2006. It is apparent that in both seasons, R for <0.2 μm aerosols is larger and increases more steeply with aerosol mass than for the 0. to an increasing contribution of DMSO interfacial oxidation to the composition of denser aerosols. Our findings are in contrast with previous observations at Point Reyes (California), which found that MSA is mainly present in relatively large sea salt particles rather than in secondary (NH 4 ) 2 SO 4 aerosol particles. 35 The California study, however, pointed out that "the observed selectivity of CH 3 SO 3 − to sea salt particles is quite puzzling and additional studies are required to understand this discrepancy (with comprehensive model calculations) 35 ". ] is also manifested in the Umitaka-maru data, although in this case it should be kept in mind that data <0.2 μm and 0.2−2 μm data may not correspond to same locations. Note that the ratio R peaks at high latitudes for both fractions in spite of their dissimilar concentrations (Figures 6 and 7) . We wish to emphasize that our key finding is not the large R values per se (large R > 0.6 values have been reported before) 35 but the analysis of the inverse dependence of R on particle radius on the basis of the causative chemistry firmly established by our experiments. In other words, only by knowing (rather than by assuming an arbitrary value) that R het ∼ 2.7, and by incorporating the most recent results on the gas-phase oxidation chemistry of both DMS and DMSO, a physically meaningful analysis of the inverse dependence of R on particle radius could be made (see below).
The above results can be interpreted in terms of the competition between DMSO(g) gas-phase oxidation and its mass accommodation on the surface of aqueous droplets. From the reported value of the mass accommodation coefficient of DMSO on water (i.e., the probability that a DMSO gas molecule enters the liquid upon striking the liquid surface): α = 0.1, 24 we calculate the frequency f α at which DMSO gas molecules are sequestered from the gas phase by using eq E1 given by the kinetic theory of gases: 90
where c = 3.3 × 10 4 cm s −1 is the average thermal velocity of DMSO molecules at ambient temperatures, and (S/V) is the specific surface area of the aerosol ensemble per unit volume of air. Thus: f α = 8.3 × 10 2 ·(S/V) s −1 ∼ 10 3 ·(S/V) s −1 under typical conditions. Note that the diffusional resistance to the approach of gas molecules to particles is negligible for <2 μm particles in air at 1 atm. 24 The frequency of the competing process, namely the frequency at which DMSO(g) will react with ·OH(g) in the gas phase at typical [·OH(g)] = 1 × 10 6 molecules cm −3 , 91,92 is f OH = k DMSO+OH × [·OH(g)] ∼ 1 × 10 −4 s −1 , with k DMSO+·OH = 9 × 10 −11 (cm 3 molecule −1 s −1 ). 26 The Γ = f α /f OH ∼ 1 × 10 7 (S/V) ratio quantifies the competition between the heterogeneous and homogeneous DMSO oxidation pathways.
(S/V) values can be estimated from the surface area A of individual spherical particles of radius ρ and their number density Ω(ρ): S/V = A(ρ)Ω(ρ). Thus, for ρ = 0.3−0.5 μm particles with A = 4 π ρ 2 = 2 × 10 −8 cm 2 , and typical Ω ∼ 1 particle cm −3 values at ground level in Syowa, 93 , which is a valid assumption in the clean, high-latitude Southern atmospheres, and that the oxidation of DMS produces 50% H 2 SO 4 (g) + 50% DMSO(g), it can be shown that R is a modified Pareto function of Γ: R = 1 − (1 + 2.2 Γ) −0.23 (see R versus Γ in the appendix in the Supporting Information). For example, a R = 0.1 value arises from the competition between heterogeneous-to-homogeneous oxidation pathways in a Γ ∼ 0.3 ratio.
It is apparent that the production of aerosol-phase MeSO 3 − is in effect an autocatalytic process whose rate increases with Ω. 94 Heterogeneous DMSO oxidation will be particularly important at higher latitudes over ocean regions sustaining intense photosynthetic activity, i.e., where strong DMS emissions will enhance the production of CCN. This statement follows from considering that if all DMS terminates as CCN, i.e., the mass of gaseous DMS per unit volume of air, M, is quantitatively converted into particles of average radius ρ, then: M = Ω (4/3)π ρ 3 δ, (δ ∼ 1.5 g cm −3 is a typical CCN mass density), i.e., Ω = 3M/(4πρ 3 δ). Hence, S/V is directly proportional to M (which is proportional to the strength of DMS emissions) and inversely proportional to particle radius ρ: S/V = Ω × A = 3M/(4πρ 3 δ) × 4πρ 2 = 3M/(ρ δ). It is apparent that the high (S/V) ratio of the ultrafine CCN generated from strong DMS emissions will favor a heterogeneous process that adds mass to the aerosol in a R het ∼ 2.7 = MeSO 3 − /nss-SO 4 2− ratio. In conclusion, we report new laboratory experiments on the atmospherically relevant oxidation of dimethyl sulfoxide (DMSO) by ·OH(g) radicals at the air−water interfaces, and field data on methane-sulfonate (MeSO 3 − ) and nss-SO 4 − concentrations in size-segregated aerosol particles collected in the marine boundary layer, which quantify the role of heterogeneous processes in determining the fraction of dimethyl sulfide biogenic emissions converted into methane-sulfonate. Our laboratory experiments, by establishing the mechanism of the ·OH-initiated oxidation of DMSO into MeSO 3 − and SO 4 2− in a R het = MeSO 3 − /SO 4 2− ∼ 2.7 ratio at the air−water interface, let us extract the significance of the size-segregated aerosol field data R = MeSO 3 − /nss-SO 4 2− collected at the Syowa Station in Antarctica and over wide reaches of the Southern Ocean. Our analysis accounts for the positive R = MeSO 3 − /nss-SO 4 2− versus nss-SO 4 2− correlations under all conditions, which are stronger in <0.2 μm particles than in the 0.2−2.0 μm fraction and systematically increase at higher latitudes, and reveals that interfacial oxidation processes play a more significant role in the generation and growth of atmospheric aerosol than previously envisioned. 
